31 32 The role of the main ion transporting enzyme Na+/K+-ATPase in osmoregulation 33 processes was investigated in Litopenaeus stylirostris. The development and 34 localization of the osmoregulation sites were studied during ontogenesis by 35 immunodetection of Na + K + -ATPase using monoclonal antibodies and transmission 36 electron microscopy (TEM). Osmoregulation sites were identified as the pleurae and 37 branchiostegites in the zoeae and mysis stages. In the subsequent post-metamorphic 38 stages the osmoregulatory function was mainly located in the epipodites and 39 branchiostegites and osmotic regulation was later detected in the gills. The presence of 40 ionocytes and microvilli in these tissues confirmed their role in ionic processes. The 41 complete open reading frame of the mRNA coding for the α-subunit of Na+K+-ATPase 42 was characterized in L. stylirostris. The resulting 3092-bp cDNA (LsNKA) encodes a 43 putative 1011-amino-acid protein with a predicted molecular mass of 112.3 kDa. The 44 inferred amino acid sequence revealed that the putative protein possesses the main 45 structural characteristics of the Na+K+-ATPase α-subunits. 46
Introduction 60 61
In New Caledonia (South Pacific) the shrimp culture industry is based upon the Pacific 62 blue shrimp Litopenaeus stylirostris, an exogenous species imported in the early 1970s 63 from Latin Americas and which represents today the second largest export business 64 after the nickel industry. However, this production has been constantly decreasing in the 65 last 4 years, in part because of recurrent difficulties encountered by the hatcheries to 66 obtain nauplii and because of unexplained mortalities occurring during the larval 67 rearing period. A better understanding of the key physiological functions of 68 L. stylirostris in adapting to the surrounding environment is therefore needed to sustain 69 this industry. 70
The establishment of a species in a given habitat relies on the ability of each of its 71 developing stages to adapt to salinity (and to its abrupt changes) as it is one of the main 72 environmental parameters that wields a selective pressure on aquatic organisms. As 73 illustrated by the number of published studies, a large amount of information is now 74 available regarding the processes involved in osmoregulation of crustacean adult stages 75 (reviewed in Lucu and Towle, 2003; Charmantier et al., 2009; Henry et al. 2012 ). By 76 comparison, data regarding the changes in ionoregulatory mechanisms occurring 77 throughout the post-embryonic development remain relatively scarce. In crustaceans, 78 three alternative ontogenetic patterns have been proposed (Charmantier, 1998) . The 79 first pattern corresponds to a weak osmoregulatory ability that does not predictably vary 80 with the progress of developmental stages; the second pattern is based on the 81 establisment of efficient osmoregulation in the first post-embryonic stages, comparable 82 to those occurring in adults. Finally, in the third proposed pattern, the early 83 postembryonic stages are osmoconformers or they slighty osmoregulate. Thereafter, a 84 shift occurs at the metamorphic larva-juvenile transition and the animals gain 85 osmoregulation capabilities which they keep into adulthood. Several penaeid shrimp 86 belong to the latter group, including the Kuruma shrimp Penaeus japonicus 87 (Charmantier, 1986; Charmantier et al., 1988) and the Pacific blue shrimp L. stylirostris 88 (Pham et al., 2012) , which, as adults, are hyper-hypo-osmoregulators . 89
In a great variety of adult decapod crustacean species and other aquatic invertebrates, 90 osmoregulatory tissues in branchial cavity are restricted to the gills (Wheatly and 91 Henry, 1987; Flick and Haond, 2000; Lignot et al, 2005) . Different studies conducted in 92 brachyuran crabs have pointed out that osmoregulatory structures are mainly located in the posterior gills, whereas anterior gill lamellae generally possess thin respiratory However other epithelia in the branchial chamber (branchiostegite, pleura, epipodites) 96 are involved in the osmoregulation processes in many species such as P. japonicus 97 (Bouaricha et al., 1994) , Crangon crangon (Cieluch et al., 2005) or Macrobrachium 98 amazonicum (Boudour-Boucheker et al., 2013) depending on the developmental stage. 99
As in adults, the occurrence of osmoregulation in young post-embryonic stages implies 100 the existence of an efficient ionic regulation (mainly of Na + and Cl − ions) based on 101 enzymes involved in ion transport. Among these enzymes, the Na + /K + -ATPase is 102 considered to play a central role (Péqueux, 1995; Charmantier, 1998 in binding the complex in the basolateral membrane. In addition, the Na + /K + -ATPase 108 has been shown in vertebrates to contain a third unit (γ-subunit) that modulates the 109 enzyme function according to the specific demands of a given tissue (Toyoshima et al., 110 2011 ). However, this latter subunit has not yet been characterized in any crustacean 111 species. From a functional point of view, this sodium-pump enables ion transport 112 directly through the transfert of 3 Na + ions from the cytosol to the hemolymph in 113 exchange of 2 K + using energy derived from ATP hydrolysis and indirectly via the 114 establishment of ionic electrochemical gradients. This enzyme is therefore of particular 115 interest to investigate the ontogeny of osmoregulation and to ascertain functional and 116 morphological identification of ion transport. 117
The present study was aimed at investigating the development and localization of the 118 osmoregulation sites during the post-embryonic development of L. stylirostris through 119 the immunodetection of Na + /K + -ATPase activity using monoclonal antibodies. We also 120 characterized the gene encoding the sodium-pump and measured its expression during 121 post-embryonic development as well as in sub-adult animals using quantitative real-122 time PCR. Finally, this gene was silenced by RNA interference to provide further 123 evidence for its in vivo role in the control of osmoregulation. 124 125 29°C), animals were transferred in 2m 3 nursery ponds at a density of 20/liter and reared 138 till they reached PL7 stage or later stages, as confirmed by the rostral formula [5-0] 139 (Pham et al., 2012) . After harvesting, animals were stocked at a density of 2-4/m² in 140 earthen grow-out pond and fed ad libitum for experimental purposes. Water renewal 141 rates were progressively increased from 5% to 15% a day for a duration of 4 months. 142 143
Histology and immunofluorescence light microscopy 144
Sections were prepared from stages Zoea 2 to PL9, and from 25g adults. For larvae and 145 postlarvae, whole animals were fixed in Bouin's fixative for 24 h, rinsed and kept in 146 70% ethanol until further use. For adults, gills were dissected and fixed. Samples were 147 washed and dehydrated in a graded ethanol series and embedded in Paraplast (Paraplast 148 Plus, Sigma, P3683). Sections of 4 µm were cut on a Leitz Wetzlar microtome, 149 collected on poly-L-lysine-coated slides, and stored at 37°C for 48 h. One series was 150 used for classic light microscopy with Masson's trichome method for tissue topography, 151 while the other series was used for immunohistology. The immunocytochemistry 152 procedure has been previously described (Cieluch et al., 2005) . Immunolocalization of 153 Na + /K + -ATPase was done through immunofluorescence light microscopy using a rabbit 154 polyclonal antibody H300 raised against an internal region of Na + /K + -ATPase α1 of 155 human origin [Na + /K + -ATPase α (H-300); Santa Cruz Biotechnology]. This antiserum 156 has previously been shown to display positive and specific immunoreactivity toward the 157 Three pools were used as replicates. Tissues and larvae were kept in RNA later reagent 177 (Ambion) following sampling and stored at -20°C until further use. Total RNA was 178 extracted using RNeasy columns (Qiagen) according to the manufacturer's instructions. 179 RNA quantity, purity and integrity were verified spectrophotometrically (A 260 /A 280 ) and 180 by electrophoresis on 1% agarose gels. 181
To isolate a cDNA of LsNKA, specific primers (A-120 and A-122, Table 1) In order to test the effectiveness of dsRNA injections, 240 Shrimp (1.0-1.5 g) were 221
brought to the laboratory for acclimation (salinity 27 ppt). After 5 days, the animals 222 were intramuscularly injected between the third and fourth abdominal segment with 223 either 10 μg (20 μl volume) of dsRNA or the same volume of injection buffer as a 224 control, and returned to two different culture tanks. Forty-eight hours after treatment, 225 gills were excised from 10 animals from each treatment and kept in RNA later reagent 226 (Ambion) and stored at -20°C for subsequent RNA extractions. At the same time, an acute salinity exposure experiment was performed to investigate the effects of LsNKA 228 dsRNA injection on shrimp survival. To this end, dsRNA-injected and control shrimp 229 were exposed to salinities of 5, 27 and 40 ppt in 30 liter glass tanks. This experiment 230 was conducted in triplicates with 10 shrimp per tank. Mortality was recorded after 48 231 hours. 232 233
Quantitative real-time PCR 234
Quantitative real-time RT-PCR (qPCR) was performed on an ABI 7300 system as 235 previously described (Labreuche et al., 2010) . Amplification efficiencies for all qPCR 236 primers were determined according to Pfaffl et al. (2002) and the specificity of the PCR 237 amplification was verified from the melting curve. Each run included the cDNA 238 control, negative controls (total RNA treated with DNase I), and blank controls (water). 239
The relative mRNA expression levels were determined using the two standard curve 240 methodology (QuantiTect® SYBR Green PCR Handbook). The elongation factor 1-241 alpha gene (EF1, accession no. AY117542.1) was used as the internal reference 242 Table 1 . 244 245
Statistical analysis 246
All numerical data were expressed as the mean ± standard error. One-way analysis of 247 variance (ANOVA) or the Kruskal-Wallis test was used for mRNA expression analysis. 248
These statistical analyses were performed with Statgraphics Plus 5.0 software. 249 NKA distribution was visualized using immunohistochemistry ( Fig. 1) . The resulting data are 253 summarized in Table 2 . A positive immunoreactivity for Na + /K + -ATPase could be observed 254 in zoea 2, restricted to the epithelium of the pleurae in the branchial cavity (Table 2 & However, the Na + /K + -ATPase α-subunit mRNA abundance was about 2.5-fold higher in the 309 epipodites and gills than in any other tested tissues. No statistical difference in mRNA 310 transcript levels was observed within the different tissues that constitute the gills (i.e. 311 arthrobranchs and pleurobranchs) (P > 0.05). 312
Whole shrimp at different stages of development (nauplius, zoea 2, mysis 2 and postlarvae 2) 315 were analyzed for the expression of the Na + /K + -ATPase α-subunit-encoding gene. The total 316 RNA sample from shrimp at each stage was tested by qRT-PCR and the relative expression 317 was calculated relatively to the mRNA level of the elongation factor 1-α gene. The expression 318 of this control gene has been demonstrated to remain statistically stable during larval 319 development (data not shown). Expression of mRNA was detected in all measured samples 320 ( Fig. 7) , with the highest levels at the nauplius and PL2 stages. However, no significant 321 difference was observed between the different developmental stages during this study 322 (P > 0.05). 323 324
Functional study of the shrimp Na + /K + -ATPase α-subunit gene 325
An experiment was conducted to explore the functional role of LsNKA in osmoregulation. In 326 the course of this experiment, we first checked that LsNKA message was successfully down-327 regulated using sequence-specific dsRNA. As determined by qPCR ( Fig. 8 ), intramuscular 328 injection of LsNKA sequence-specific dsRNA resulted in a statistically significant depletion 329 of cognate mRNA levels. Depletion was restricted to injection with dsRNA with no 330 suppression of LsNKA expression occurring in control animals. As summarized in Fig. 9 , the 331 transfer of saline-injected control shrimp from 27 ppt to different salinity levels (5, 27 or 332 40 ppt) did not induce any significant increase in mortality (P > 0.05). Knock down of LsNKA 333 expression by dsRNA injection statistically affected the survival of animals transferred under 334 isosmotic conditions (i.e. 27 ppt) with a mortality of 18% after 48 hours (ANOVA, P < 0.05). 335
A transfer of shrimp injected with dsRNA from 27ppt to 5ppt and 40ppt increased the shrimp 336 susceptibility and led to a mortality of 57% and 38%, respectively which were significantly 337 higher than mortalities in control groups with 0% and 3%, respectively (ANOVA, P < 0.05). 338 To assess these findings, we attempted to characterize the gene encoding the sodium pump to 382 provide more sensitive information regarding the pattern of ontogenetic regulation. We cloned 383 and characterized a Na + /K + -ATPase α-subunit homologue, LsNKA. The inferred amino acid 384 sequence of LsNKA cDNA revealed that the putative protein possesses the main structural 385 characteristics of the Na + /K + -ATPase α-subunits, i.e. 10 membrane-spanning helices as well 386
as an ATP binding site and a P-type ATPase phosphorylation site, confirming the high 387 conservation of Na + /K + -ATPase α-subunits between species. A putative signal peptide 388 cleavage site (G 95 AILCF 100 ) was also identified within the first predicted transmembrane 389 region, as described in other marine invertebrates (Lucu and Towle, 2003) . When subtracting 390 the amino acid residues located upstream of this putative cleavage site, the theoretical 391 molecular mass was determined at 101 kDa, a value consistent with the apparent molecular 392 weight estimated by Western blotting (Figure S1, supplementary data) . 393
In vertebrates, the Na + /K + -ATPase α-subunit has several isoforms differing in sensitivity to 394 proteases, cross-linking agents or electrophoretic mobility for instance. Thus far, four α-395 subunit isoforms have been identified in mammals ( The sea urchin Hemicentrotus pulcherrimus possesses also two α-subunit isoforms encoded 401 by a single gene and produced by differential exon splicing (Yamazaki et al., 1997) . In the 402 present study, our experiments did not permit to identify additional isoforms or alternative 403 splicing products among the different osmoregulatory organs of L. stylirostris. Whether or not 404 α-subunit cDNA variants can be found in this species remains therefore to be elucidated. 405
We also investigated the expression pattern of LsNKA in L. stylirostris tissues. LsNKA mRNA 406 expressions were detected in all the studied tissues, as also reported in the shrimp physiological processes such as cellular volume regulation or calcium absorption during 410 ecdysis (Lucu and Towle, 2003) . 411
As immunofluorescence had shown that branchial cavity organs are progressively involved in 412 osmoregulation during ontogenesis, we next investigated the mRNA expression pattern of 413
LsNKA. Our results demonstrate that this gene is constitutively expressed in all the 414 studied stages, starting in nauplius. Similar data were reported in the crayfish 415
Astacus leptodactylus demonstrating that the Na + /K + -ATPase α-subunit gene was 416 constitutively expressed in all the studied ontogenetic stages starting at the metanauplius stage 417 (Serrano et al., 2007) . However in our study, its expression level did not significantly vary 418 afterwards, whereas our immunological results showed that the branchial cavity organs are 419 progressively involved in osmoregulation process. Several hypotheses may explain this result. 420
First, due to the size of the animals, mRNA expression was measured on whole larvae. And 421 NKA expression relative to antennal glands and gut, which are others osmoregulatory organs 422 in crustaceans (Mantel and Farmer, 1983 ) could have masked the differences detected in 423 branchial cavity tissues with immunocytochemistry. Considering also the ubiquitous 424 localization of this enzyme (including tissues not related to osmoregulation), we hypothesize 425 that this procedure may have partially reduced variations of LsNKA gene expression between 426 the different larval stages. Another explanation is that the sodium pump is considered to be a 427 "housekeeping" protein involved in different signaling pathways via interaction with other 428 proteins, e.g. in regulation of membrane trafficking and in the operation of cell junctions. 429
Therefore we also hypothesize that the osmoregulatory capacity of L. stylirostris at different 430 larval stages may not result from de novo synthesis of new enzyme (characterized by an 431 increase in the abundance of the corresponding mRNA) but from activation of pre-existing 432 enzyme. To date, information on the embryonic ontogeny of osmoregulation remains scarce 433 in decapod crustaceans. Further studies are thus needed to determine whether or not transcript 434 expression fits the Na + /K + -ATPase activity. 435
Finally to address the in vivo role of LsNKA in osmoregulation we developed a RNAi-based 436 approach. Since its first description in nematodes (Fire et al., 1998), this reverse genetics 437 approach has opened avenues for the study of candidate genes in most metazoan species, 438 including crustaceans. For example, several studies have contributed to solve gene functions 439 involved in immune response, molting, reproduction or glucose metabolism in shrimp 440 (reviewed in Robalino et al., 2011) . We have previously shown that in vivo gene silencing lasted for more than 4 days but less than eight, with maximum level of knockdown observed 442 after 48 hours (de la Vega et al., 2008; Labreuche et al., 2009 ). First, we have shown that 443 injection of LsNKA sequence-specific dsRNA into shrimp induced a significant depletion of 444 cognate mRNA levels. Then, we submitted the animals to an abrupt salinity change (from 27 445 ppt to 5 or 40 ppt). While the transfer of control (saline-injected) animals did not induce any 446 significant mortality, we showed that LsNKA silencing significantly increased the shrimp 447 susceptibility to salinity changes: after transfer to 40 or 5 ppt respectively, mortality was 2 to 448 3 times higher in the LsNKA-knockdown animals than in 
